The drilling of carbon fiber reinforced polymer (CFRP) plate is very critical in its structural applications in aeronautical, aerospace, and automobile industries. For ensuring the good quality of drilled holes in terms of least drilling damage and prolonged tool life, suitable selection of drill geometry and material, and drilling parameters-such as cutting speed and feed rate-are imperative in the drilling of CFRP plate. This study aims to evaluate the cutting performance of conventional two-flute twist drills made of cemented tungsten carbide YG6X (WC-6 wt % Co) for the dry drilling of the multidirectional T700 CFRP plate. The effects of varying cutting speed and tool wear pattern on the drilling performance are analyzed. The drilling performance is assessed in terms of hole quality by the qualitative and quantitative analysis of drilling-induced delamination and hole diameter. Furthermore, the correlation between the tool wear progression and the drilled hole quality is established. Through this assessment, a suitable set of drilling parameters, i.e., cutting speed of 9000 rpm and feed rate of 400 mm/min, is proposed for producing the best quality holes for multidirectional T700 CFRP plate.
Introduction
Carbon fiber reinforced polymer (CFRP) has long been known for its low density and thermal expansion, corrosion resistance, high tensile-and fatigue-strength. Therefore, it is reliable in enduring severe working conditions under which structural assemblies operate in automobile, architecture, aerospace, and aeronautical industries. This endurance has made manufacturing of CFRP components more economical, light, and efficient over the years [1] [2] [3] [4] [5] . Given recent developments and novel practices of mass-production of CFRP components, the manufacturing industry is yet to harness its full potential in the upcoming years. For producing the near net shape of the CFRP components, machining operations are always required with few exemptions. Different machining operations are performed on CFRP workpieces-such as milling and water-jet cutting-but drilling stands out as the most frequently used approach [6] . In addition to drilling, helical milling can also be used for making holes in structural components [7, 8] . However, significant cutting resistance, which is detrimental to the quality of machined parts, is generated due to the CFRP's inhomogeneous and anisotropic characteristics, low thermal conductivity, and high tensile and fatigue strength [9] . Besides, the intrinsic laminates [42, 43] . However, the medium strength CFRP (T700) has been almost neglected in relation with the drilling operation. Silva et al. focused on the drilling of medium-strength CFRP (T700) with its scope restricted to unidirectional CFRP plate [25] . On the other hand, few studies have been conducted on the drilling of multidirectional T700 CFRP plate. Shyha et al. and Halim et al. have demonstrated that the multidirectionality of carbon fibers in CFRP plate definitely influences the drilling performance thereby making its drilling operation more difficult [44, 45] . Therefore, there is obvious room for a study related to the drilling of multidirectional T700 CFRP plate.
The purpose of this study is to evaluate the drilling performance of cemented tungsten carbide drills in drilling multidirectional T700 CFRP plate using varying sets of drilling parameters. The wear progression of the cemented WC drills is quantitatively and qualitatively analyzed with varying drilling parameters. Moreover, the drilling-induced delamination factor and hole diameter error are numerically computed for evaluating the quality of drilled holes. A relation between flank wear of the cemented WC drills and variation in delamination factor and hole diameter error is developed through a rational discussion. Eventually, the optimized set of drilling parameters for drilling multidirectional T700 CFRP plate is proposed.
Experimental

Workpiece Material
The composite workpiece under investigation is the medium-strength T700 plate with rectangular dimensions of 400 × 500 mm 2 and a total thickness of 6 mm, which is further machined into smaller plates with size of 170 × 200 mm 2 . The CFRP plate is fabricated by autoclave method using carbon/epoxy prepreg and 37 layers of unidirectional carbon/epoxy prepreg with stacking sequence of 0
The mechanical properties of the T700S fiber and its prepreg are shown in Table 1 . 
Drilling Setup and Parameters
For drilling tests, the two-flute 6 mm diameter twist drills with 118 • point angle, 28 mm flute length, and 60 mm total length, are used, as shown in Figure 1a . The chisel edge position angle is 129 • and the half-width of the chisel edge is 0.138 mm and are measured in the same way as described in the literature [46] . The carbide grade of the employed drill is YG6X cemented tungsten carbide with 6 wt % cobalt as binding phase. The drilling operation was carried out in a five-axis Makino A-55 (Makino, Tokyo, Japan) machining center with maximum spindle speed of 20,000 rpm and maximum feed rate of 50 m/min. A support (or stacking) plate made of polymer was installed under the CFRP plate to avoid push-down delamination, as proved effective in the previous studies [47, 48] . The drilling test arrangement is shown in Figure 1b . Drilling was performed under dry condition and fine chip powder was removed using a pneumatic air gun with air pressure of 0.5 MPa. For the drilling parameters, cutting speed and feed rate within wide ranges, 3000-20,000 rpm and 5-1200 mm/min, respectively, were employed for drilling multidirectional T700 CFRP plate. For the sake of convenience in this study, the feed rate was kept constant at most suitable value of 400 mm/min and cutting speed was varied in regular intervals. The overall summary of the employed drilling parameters is shown in Table 2 . Super-depth optical microscope (Model: VHX-600E, Keyence, Osaka, Japan), was used to take images and measure wear of cemented WC drills. The flank wear was measured according to the standard (ISO 3685:1995) along the line bisecting the cutting edge's distance from the circumference to the center, as shown in Figure 2 . In order to further analyze the extent and dominant regions of wear of cemented WC drills, scanning electron microscope (SEM, SUPRA55, Zeiss, Oberkochen, Germany) was also used. Super-depth optical microscope (Model: VHX-600E, Keyence, Osaka, Japan), was used to take images and measure wear of cemented WC drills. The flank wear was measured according to the standard (ISO 3685:1995) along the line bisecting the cutting edge's distance from the circumference to the center, as shown in Figure 2 . In order to further analyze the extent and dominant regions of wear of cemented WC drills, scanning electron microscope (SEM, SUPRA55, Zeiss, Oberkochen, Germany) was also used. 
Delamination Factor (Fd)
Super-depth optical microscope (VHX-600E) was also used for qualitative and quantitative examination of drilling induced delamination in CFRP plate. For the quantitative analysis, onedimensional conventional delamination factor (Fd) was computed by using Equation (1), as originally proposed by Chen et al. [29] .
In Equation (1), Dmax is the maximum delaminate diameter (see Figure 3 ) and D is the hole nominal diameter. 
Hole Diameter Error (Eh)
To measure the hole diameter of the drilled holes produced by cemented WC drills, a coordinate measuring machine (CMM) (PRISMO Navigator, Zeiss, Oberkochen, Germany) employing variable accuracy and speed probing technology (VAST) was used. Four points were taken along the hole inner wall 0.5 mm below the entrance surface of the CFRP plate and the results were recorded and comparison was done after the computation of hole diameter error, Eh (%). The Eh (%) is defined and computed by using Equation (2), as described in the literature [34, 49] .
In above equation, Da is the actual diameter of the drilled hole which was measured by the CMM and Dn is the nominal diameter of the hole which is 6 mm in this study. 
Delamination Factor (F d )
Super-depth optical microscope (VHX-600E) was also used for qualitative and quantitative examination of drilling induced delamination in CFRP plate. For the quantitative analysis, one-dimensional conventional delamination factor (F d ) was computed by using Equation (1), as originally proposed by Chen et al. [29] .
In Equation (1), D max is the maximum delaminate diameter (see Figure 3 ) and D is the hole nominal diameter. 
Delamination Factor (Fd)
Hole Diameter Error (Eh)
Hole Diameter Error (E h )
To measure the hole diameter of the drilled holes produced by cemented WC drills, a coordinate measuring machine (CMM) (PRISMO Navigator, Zeiss, Oberkochen, Germany) employing variable accuracy and speed probing technology (VAST) was used. Four points were taken along the hole inner wall 0.5 mm below the entrance surface of the CFRP plate and the results were recorded and comparison was done after the computation of hole diameter error, E h (%). The E h (%) is defined and computed by using Equation (2), as described in the literature [34, 49] .
In above equation, D a is the actual diameter of the drilled hole which was measured by the CMM and D n is the nominal diameter of the hole which is 6 mm in this study.
Results and Discussion
Tool Wear
Flank wear of cemented WC drills, which is recorded after drilling of 30 holes with each set of drilling parameters (Table 2) , is shown in Figure 4 . It is evident in Figure 4 that the flank-wear along the cutting edges increases with increasing cutting speed (revolutions per minute). Similar results regarding the effect of cutting speed on wear are found in the literature [28, 43, 50] . However, this increment in the wear progression is slight at higher cutting speed of 12,000 rpm as compared to 9000 rpm. The tool wear is caused due to the cutting forces that are distributed along the main flank of the primary cutting edges of the drill. The magnitude of these cutting forces increases with increasing cutting speed, thus leading to increased wear progression.
Flank wear of cemented WC drills, which is recorded after drilling of 30 holes with each set of drilling parameters (Table 2) , is shown in Figure 4 . It is evident in Figure 4 that the flank-wear along the cutting edges increases with increasing cutting speed (revolutions per minute). Similar results regarding the effect of cutting speed on wear are found in the literature [28, 43, 50] . However, this increment in the wear progression is slight at higher cutting speed of 12,000 rpm as compared to 9000 rpm. The tool wear is caused due to the cutting forces that are distributed along the main flank of the primary cutting edges of the drill. The magnitude of these cutting forces increases with increasing cutting speed, thus leading to increased wear progression. It can be seen from the Figure 4 that edge-2 is worn up to 50% more than edge-1 for 9000 rpm and 12,000 rpm as compared to 3000 rpm and 6000 rpm. The possible cause of significant increase in edge-2 wear is attributed to the topology of the machined surface coupled with the fact that the flank wear is in the first zone of its evolution curve. Another possible reason of this increased wear of edge-2 is the localized change in the macro geometry of the cutting edge due to the variation in cutting forces arising from increased cutting speeds (9000 rpm and 12,000 rpm). This explanation of localized geometric change is found in similar study by Cadorin et al. [51] .
In order to further analyze the wear of cemented WC drills, the microscopic and SEM images of the WC drill are taken before and after drilling of 30 holes with cutting speed 9000 rpm and feed rate 400 mm/min (see Figure 5 ). It can be seen that before the drilling, as shown in Figure 5a ,b, the cutting edge and the cutting tip of the WC drill are sharp. With start of the drilling operation, the high rate of flank wear of the WC drill begins with the breakage (chipping) of the sharp corners and weak areas on the cutting edge because of the their lack of ability to bear high stresses. This chipping corresponds to the first zone of the typical wear evolution curve of the WC drills as can be found in literatures [32, 51] . The abrupt breakage of sharp corners and weak areas is followed by the abrasion which is associated with gradual and steady wear progression of the cutting edge and the cutting tip. The abrasive wear of the cutting edge and cutting tip is shown in Figure 5c ,d. It is clear that the abrasive wear is dominant on the main cutting edge and the cutting tip. The vice cutting edge, however, is less susceptible to abrasive wear. The reason behind dominant abrasive wear on main cutting edge and cutting tip is attributed to the distribution of the cutting forces on these areas. The magnitude of these cutting forces is the most at the cutting tip and, hence, the wear at the cutting tip is large, as shown in Figure 5d . With subsequent number of holes and ongoing flank wear during drilling, the It can be seen from the Figure 4 that edge-2 is worn up to 50% more than edge-1 for 9000 rpm and 12,000 rpm as compared to 3000 rpm and 6000 rpm. The possible cause of significant increase in edge-2 wear is attributed to the topology of the machined surface coupled with the fact that the flank wear is in the first zone of its evolution curve. Another possible reason of this increased wear of edge-2 is the localized change in the macro geometry of the cutting edge due to the variation in cutting forces arising from increased cutting speeds (9000 rpm and 12,000 rpm). This explanation of localized geometric change is found in similar study by Cadorin et al. [51] .
In order to further analyze the wear of cemented WC drills, the microscopic and SEM images of the WC drill are taken before and after drilling of 30 holes with cutting speed 9000 rpm and feed rate 400 mm/min (see Figure 5 ). It can be seen that before the drilling, as shown in Figure 5a ,b, the cutting edge and the cutting tip of the WC drill are sharp. With start of the drilling operation, the high rate of flank wear of the WC drill begins with the breakage (chipping) of the sharp corners and weak areas on the cutting edge because of the their lack of ability to bear high stresses. This chipping corresponds to the first zone of the typical wear evolution curve of the WC drills as can be found in literatures [32, 51] . The abrupt breakage of sharp corners and weak areas is followed by the abrasion which is associated with gradual and steady wear progression of the cutting edge and the cutting tip. The abrasive wear of the cutting edge and cutting tip is shown in Figure 5c ,d. It is clear that the abrasive wear is dominant on the main cutting edge and the cutting tip. The vice cutting edge, however, is less susceptible to abrasive wear. The reason behind dominant abrasive wear on main cutting edge and cutting tip is attributed to the distribution of the cutting forces on these areas. The magnitude of these cutting forces is the most at the cutting tip and, hence, the wear at the cutting tip is large, as shown in Figure 5d .
With subsequent number of holes and ongoing flank wear during drilling, the magnitude of these cutting forces is augmented, which in turn most likely becomes the potential cause of detrimental hole quality. It is the gradient of the cutting speed (cutting force) along the cutting edge that is responsible for its smooth wear, as shown in Figure 5d .
The abrasive modes of wear for cemented WC drills can be explained in either of two ways: hard abrasion and soft abrasion. Hard abrasion corresponds to the dynamic stresses experienced by WC grains owing to integrated effect of CFRP plate chip powder, broken fibers, and the reinforcement. These stresses lead to crack initiation and then propagation inside WC grains eventually causing them to undergo brittle fracture and to fall away. Soft abrasion, on the other hand, relates to the abrasive damage of the soft Co binder by carbon fibers, which has low hardness as compared to WC grains. With deepening wear of Co binder, the WC grains become more exposed and are then fractured by fatigue acceleration. These interpretations about wear modes are also found in studies on drilling of CFRP plate [52, 53] . magnitude of these cutting forces is augmented, which in turn most likely becomes the potential cause of detrimental hole quality. It is the gradient of the cutting speed (cutting force) along the cutting edge that is responsible for its smooth wear, as shown in Figure 5d . The abrasive modes of wear for cemented WC drills can be explained in either of two ways: hard abrasion and soft abrasion. Hard abrasion corresponds to the dynamic stresses experienced by WC grains owing to integrated effect of CFRP plate chip powder, broken fibers, and the reinforcement. These stresses lead to crack initiation and then propagation inside WC grains eventually causing them to undergo brittle fracture and to fall away. Soft abrasion, on the other hand, relates to the abrasive damage of the soft Co binder by carbon fibers, which has low hardness as compared to WC grains. With deepening wear of Co binder, the WC grains become more exposed and are then fractured by fatigue acceleration. These interpretations about wear modes are also found in studies on drilling of CFRP plate [52, 53] . 
Delamination Factor (Fd)
Drilling induced delamination is observed by the microscopic examination of every drilled hole. Figure 6 shows the qualitative delamination of drilled holes in terms of peel-up and push-down delamination for each cutting speed adopted for the drilling of T700 CFRP plate. It is clear that the peel-up delamination decreases with increasing cutting speed. Figure 6 shows that the maximum and minimum delamination on the entrance side are for 3000 rpm and 9000 rpm, respectively. The peeling force in the upward direction, which breaks either the single layer of fibers or the entire upper ply, is responsible for the peel-up delamination [54] . However, at a cutting speed of 12,000 rpm, as shown in Figure 6 , the entrance side delamination tends to augment slightly as compared to 9000 rpm.
Push-down delamination, unlike peel-up delamination, increases with increasing cutting speed, as shown in Figure 6 . The holes corresponding to cutting speeds of 3000 rpm and 6000 rpm have the least and comparable push-down delamination damage. The quality of holes, on the exit side, 
Delamination Factor (F d )
Push-down delamination, unlike peel-up delamination, increases with increasing cutting speed, as shown in Figure 6 . The holes corresponding to cutting speeds of 3000 rpm and 6000 rpm have the least and comparable push-down delamination damage. The quality of holes, on the exit side, corresponding to 9000 rpm and 12,000 rpm is exceptional in the start but with increasing the number of holes, it starts to deteriorate slightly not only in terms of delamination but also minor circumferential deformation. The slight decline in the exit quality of holes with subsequent number of holes is well explained in the context of thrust force. With increasing number of holes, the thrust force increases and overreaches the interlaminar bonding strength of the fiber layers so as to eventually cause the separation of plies by pushing them down. In other words, the continuous increase in the thrust force from its critical thrust force value, as presented by Ho-Cheng and Dharan [55] , with subsequent number of holes, is responsible for increase in the extent of push-down delamination. It is also equally important to point out that feed rate is normally the major contributor in thrust force escalation, whereas the effect of the varying cutting speed is negligible [51, 56] . Since the feed rate is constant, i.e., 400 mm/min in this study, the thrust force increment with increasing the number of holes originates from the steady wear of the cutting edges. This explanation is also found in the similar literature [28] . This visual analysis of delamination is further supported by delamination factor (F d ), calculated as per Equation (1), as shown in Figure 7 . corresponding to 9000 rpm and 12,000 rpm is exceptional in the start but with increasing the number of holes, it starts to deteriorate slightly not only in terms of delamination but also minor circumferential deformation. The slight decline in the exit quality of holes with subsequent number of holes is well explained in the context of thrust force. With increasing number of holes, the thrust force increases and overreaches the interlaminar bonding strength of the fiber layers so as to eventually cause the separation of plies by pushing them down. In other words, the continuous increase in the thrust force from its critical thrust force value, as presented by Ho-Cheng and Dharan [55] , with subsequent number of holes, is responsible for increase in the extent of push-down delamination. It is also equally important to point out that feed rate is normally the major contributor in thrust force escalation, whereas the effect of the varying cutting speed is negligible [51, 56] . Since the feed rate is constant, i.e., 400 mm/min in this study, the thrust force increment with increasing the number of holes originates from the steady wear of the cutting edges. This explanation is also found in the similar literature [28] . This visual analysis of delamination is further supported by delamination factor (Fd), calculated as per Equation (1), as shown in Figure 7 . The conventional delamination factor (Fd), both for entrance and exit side, of each of the 30 holes is calculated and summarized in Figure 7 . It is clear that the peel-up delamination decreases and, on the other hand, push-down delamination increases with increasing cutting speed, as shown in Figure 7a ,b, respectively. It indicates that the increase in cutting speed has contradictory effect on the entrance and the exit side of the drilled hole in terms of delamination. Moreover, the effect of increase in cutting speed is more significant on the peel-up delamination than the push-down delamination, as shown in Figure 7 . This quantitative interpretation of peel-up and push-down delamination with varying cutting speed is equivalent to the microscopic analysis (see Figure 6 ) and is also found in strong agreement in similar studies [11] [12] [13] 27, 39, 57] . In Figure 7 , the least peel-up and push-down delamination are recorded for 9000 rpm and 6000 rpm, respectively. The maximum delamination on the entrance and exit side of the holes is within ~0.04 mm for both 9000 rpm and 6000 rpm. It can be seen that, in Figure 7a , with increasing the number of holes, the Fd tends to become more stable with least scattering of Fd values.
Overall, for both peel-up and push-down delamination, the range of varying Fd values is narrower for 9000 rpm than that for rest of the cutting speeds, justifying its overall least influence on The conventional delamination factor (F d ), both for entrance and exit side, of each of the 30 holes is calculated and summarized in Figure 7 . It is clear that the peel-up delamination decreases and, on the other hand, push-down delamination increases with increasing cutting speed, as shown in Figure 7a ,b, respectively. It indicates that the increase in cutting speed has contradictory effect on the entrance and the exit side of the drilled hole in terms of delamination. Moreover, the effect of increase in cutting speed is more significant on the peel-up delamination than the push-down delamination, as shown in Figure 7 . This quantitative interpretation of peel-up and push-down delamination with varying cutting speed is equivalent to the microscopic analysis (see Figure 6 ) and is also found in strong agreement in similar studies [11] [12] [13] 27, 39, 57] . In Figure 7 , the least peel-up and push-down delamination are recorded for 9000 rpm and 6000 rpm, respectively. The maximum delamination on the entrance and exit side of the holes is within~0.04 mm for both 9000 rpm and 6000 rpm. It can be seen that, in Figure 7a , with increasing the number of holes, the F d tends to become more stable with least scattering of F d values.
Overall, for both peel-up and push-down delamination, the range of varying F d values is narrower for 9000 rpm than that for rest of the cutting speeds, justifying its overall least influence on both peel up and push-down delamination. Therefore, 9000 rpm is proved to be the most optimum cutting speed for producing consistent good quality of holes in terms of least delamination when feed rate is kept constant at 400 mm/min.
Hole Diameter Assessment
The hole diameter error E h (%) is computed from the entrance side of the holes in CFRP plate by using Equation (2) . Among 30 holes drilled for each cutting speed, the actual diameters of hole numbers 1, 8, 15, 23 , and 30 are recorded and E h (%) is computed. The scatter plot of calculated E h (%) is shown in Figure 8 . Comparing overall magnitude of E h (%) values at different cutting speeds, it can be seen that the E h (%) of the holes decreases with increasing cutting speed. The maximum E h (%) is recorded for 3000 rpm producing E h (%) error up to 7% exhibiting considerable hole oversize. However, with the increasing number of holes, the E h (%) tends to lower down with the exception of eighth hole for which E h (%) is higher than that of first hole, in cases of 3000, 6000, and 12,000 rpm, as is evident in Figure 8 . Similarly, for 9000 rpm the E h (%) of 23rd hole is higher than that of 15th hole. The general behavior of decreasing E h (%) with increasing the number of holes is explained in terms of flank wear. With sharp edges of the cemented WC drill in the beginning, the produced holes tend to be oversized but with increasing the number of holes, the degree of hole oversize reduces which results from the significant progression in flank wear corresponding to the initial phase of the wear cycle. It is obvious that for all cutting speeds, the difference of E h (%) values becomes narrower with increasing number of holes which points out towards the fact that the sharp cutting edges of the drill are becoming stable after abrupt chipping and are not subjected to steady abrasion. Therefore, the actual diameter of the holes exhibits stable shifts towards the nominal diameter with increasing the number of holes. This explanation is in agreement with E h (%) assessment in the preceding work on drilling of CFRP plate [28] . both peel up and push-down delamination. Therefore, 9000 rpm is proved to be the most optimum cutting speed for producing consistent good quality of holes in terms of least delamination when feed rate is kept constant at 400 mm/min.
The hole diameter error Eh (%) is computed from the entrance side of the holes in CFRP plate by using Equation (2) . Among 30 holes drilled for each cutting speed, the actual diameters of hole numbers 1, 8, 15, 23 , and 30 are recorded and Eh (%) is computed. The scatter plot of calculated Eh (%) is shown in Figure 8 . Comparing overall magnitude of Eh (%) values at different cutting speeds, it can be seen that the Eh (%) of the holes decreases with increasing cutting speed. The maximum Eh (%) is recorded for 3000 rpm producing Eh (%) error up to 7% exhibiting considerable hole oversize. However, with the increasing number of holes, the Eh (%) tends to lower down with the exception of eighth hole for which Eh (%) is higher than that of first hole, in cases of 3000, 6000, and 12,000 rpm, as is evident in Figure 8 . Similarly, for 9000 rpm the Eh (%) of 23rd hole is higher than that of 15th hole. The general behavior of decreasing Eh (%) with increasing the number of holes is explained in terms of flank wear. With sharp edges of the cemented WC drill in the beginning, the produced holes tend to be oversized but with increasing the number of holes, the degree of hole oversize reduces which results from the significant progression in flank wear corresponding to the initial phase of the wear cycle. It is obvious that for all cutting speeds, the difference of Eh (%) values becomes narrower with increasing number of holes which points out towards the fact that the sharp cutting edges of the drill are becoming stable after abrupt chipping and are not subjected to steady abrasion. Therefore, the actual diameter of the holes exhibits stable shifts towards the nominal diameter with increasing the number of holes. This explanation is in agreement with Eh (%) assessment in the preceding work on drilling of CFRP plate [28] . Furthermore, the profile along with actual diameter (Da) of the 15th hole is measured by using CMM, as an account for all the holes drilled for each cutting speed and the results are shown in Figure 9 . As it is evident that, the hole drilled at 3000 rpm and 6000 rpm, Figure 9a ,b, has higher Eh (%) as compared to 9000 rpm and 12,000 rpm. The Eh (%) value at 12,000 rpm, as shown in Figure 9d , is lower than those corresponding to 3000 rpm and 6000 rpm. The Eh (%) of hole drilled at 9000 rpm is the least with −0.12% showing minute hole undersize and its actual circumferential profile closely coincides with the nominal circumference, as shown in Figure 9c . The least Eh (%) for 9000 rpm approves that 9000 rpm is the most suitable cutting speed for drilling holes in CFRP plate because not only does it produce the least delamination, but also the least Eh (%) with suitable hole profile.
Conclusions
This study investigated the tool wear and the holes quality in terms of drilling-induced delamination and hole diameter error Eh (%) during drilling multidirectional T700 CFRP plate. The following conclusions are evidently drawn:
1. The flank wear of the cemented WC drills increases with increasing cutting speeds during drilling of multi-directional T700 CFRP plate. At higher cutting speeds such as 12,000 rpm, there is only slight increase (~2%-4%) in flank wear of the cemented WC drill as compared to its preceding increments for cutting speeds 3000, 6000, and 9000 rpm. Abrasion is the principle cause of wear for cemented WC drills and is dominant on the flank of the primary cutting edge. 2. Peel-up delamination decreases with increasing cutting speeds and it is least at 9000 rpm. At higher cutting speed of 12,000 rpm, the delamination on the entrance side tends to deteriorate slightly. Push-down delamination increases with increasing cutting speed. On the exit side, the delamination for 3000 rpm and 6000 rpm is the least. As it is evident that, the hole drilled at 3000 rpm and 6000 rpm, Figure 9a ,b, has higher E h (%) as compared to 9000 rpm and 12,000 rpm. The E h (%) value at 12,000 rpm, as shown in Figure 9d , is lower than those corresponding to 3000 rpm and 6000 rpm. The E h (%) of hole drilled at 9000 rpm is the least with −0.12% showing minute hole undersize and its actual circumferential profile closely coincides with the nominal circumference, as shown in Figure 9c . The least E h (%) for 9000 rpm approves that 9000 rpm is the most suitable cutting speed for drilling holes in CFRP plate because not only does it produce the least delamination, but also the least E h (%) with suitable hole profile.
This study investigated the tool wear and the holes quality in terms of drilling-induced delamination and hole diameter error E h (%) during drilling multidirectional T700 CFRP plate. The following conclusions are evidently drawn:
1.
The flank wear of the cemented WC drills increases with increasing cutting speeds during drilling of multi-directional T700 CFRP plate. At higher cutting speeds such as 12,000 rpm, there is only slight increase (~2%-4%) in flank wear of the cemented WC drill as compared to its preceding increments for cutting speeds 3000, 6000, and 9000 rpm. Abrasion is the principle cause of wear for cemented WC drills and is dominant on the flank of the primary cutting edge.
2.
Peel-up delamination decreases with increasing cutting speeds and it is least at 9000 rpm. At higher cutting speed of 12,000 rpm, the delamination on the entrance side tends to deteriorate
